channel. The data indicate that the proximal C-terminus used instead of a precipitating antibody. A fusion protein of IRK1 (IRK1-His6) was made in which a six-histidine tag and the transmembrane segment M2 determine homoand heteromultimerization, and for more distantly rewas engineered onto the N-terminus, allowing specific purification by binding resin. HEK293 cells are tranlated channel subunits such as IRK1 and ROMK1, the proximal C-terminus contributes more to their incomsiently cotransfected with IRK1-His 6 and the test protein of interest, which has been epitope-tagged with the patibility.
eight amino-acid sequence recognized by the FLAG antibody. IRK1-His 6 -containing complexes are purified Results from the detergent-solubilized cell homogenate under nondenaturing conditions and eluted from the resin, and Two assay systems have been used to identify regions of IRK1 that are responsible for homo-and heteromulthe proteins are subjected to Western blotting. If there is protein-protein interaction between IRK1-His6 and the timerization: a biochemical system involving the transient transfection of HEK293 cells and coprecipitation FLAG-tagged test protein, the two proteins should copurify (Hoffmann and Roeder, 1991) , and the interaction of tagged channel subunits and a functional approach involving injection of Xenopus laevis oocytes with in will be revealed by probing the blot with the FLAG antibody ( Figure 1A ). As shown in Figure 1C , epitope tagging vitro transcribed RNA and measurement of current using a two-electrode voltage clamp.
does not lead to gross alterations in functional channel expression for IRK1. Figure 1B shows the practical results of such an ap-A Biochemical Assay A biochemical assay was developed to examine proteinproach. The experiment was designed to test the tendency of IRK1 and IRK2 (Kir 2.1 and 2.2) to coassemble. protein interaction between various channel subunits. The approach is similar in principle to that of coimmuno-A fraction (see Experimental Prodecures) of cells is subjected to direct SDS lysis to examine protein expression precipitation, but a binding resin recognizing a six-histidine epitope introduced into the protein of interest is while the remainder is solubilized under nondenaturing conditions and bound to the resin. Lanes 1-3 (L1-L3) are SDS lysates of a fraction of HEK293 cells (see Experimental Procedures) transfected with pcDNA3 as control (L1), IRK1-His 6 and IRK1-FLAG (L2), and IRK1-His 6 and IRK2-FLAG (L3). It is apparent that the FLAG antibody recognizes a specific band, not present in control membranes (L1), of approximately 55 kDa for IRK1-FLAG (L2) and 45 kDa for IRK2-FLAG (L3). Lanes 4-7 (L4-L7) are protein samples eluted from the resin after binding and washing of detergent-solubilized membranes from cells transfected as indicated. The absence of IRK1-FLAG or IRK2-FLAG in L4 and L5 suggests adequate washing conditions and implies that any FLAG activity associated with purification of IRK1-His6 indicates specific proteinprotein interaction. While IRK2-FLAG can interact with IRK1-His6 (L7), this is less than the tendency for self-toself assembly (L6), given equivalent expression of IRK1-FLAG and IRK2-FLAG in L2 and L3 and significant purification of IRK1-His 6 in L6 and L7. Results similar to these were obtained on three other occasions.
A Dominant Negative Construct for IRK1
The biochemical approach provides a direct measure of protein-protein interaction but leaves open the question of the functional significance of any interaction.
To test for the effect of such interactions on channel function, we used a dominant negative approach (Herskowitz, 1987) . The GYG motif in the H5 region of potassium channels plays a key role in selectivity and pore amount of protein is assumed to be linearly related to the amount Coinjection of IRK1-AAA with a member of the Kv family of RNA injected. At higher RNA concentrations, there is likely to be some saturation of expression, and this may explain the deviation (Kv1.2) did not lead to a reduction of current, indicating of the experimental data from the theoretical curve for n ϭ 4.
that the effect was likely to be specific ( Figure 2D ). for study in HEK293 cells or with and without the AAA replacement of GYG in H5 (but no epitope tag) for study in oocytes (see Experimental Procedures). is especially good expression of C␦131-FLAG but no evidence of copurification despite good purification of Figures 3B and 3C show the results of biochemical analyses. The deletion mutants C␦385-FLAG, C␦376-full-length IRK1-His6. Two N-terminal deletion mutants N␦71-FLAG and FLAG, C␦333-FLAG, C␦256-FLAG, C␦218-FLAG, and C␦131-FLAG express protein. However, only C␦385-N␦80-FLAG were also tested for their ability to copurify with IRK1-His 6 . While both were epitope tagged at the FLAG and C␦376-FLAG copurify strongly with full-length IRK1-His 6 ( Figure 3B ) while a weaker interaction with N-terminus, recognition of the sequence this close to the transmembrane domains was poor. However, the C␦333-FLAG, C␦256-FLAG, and C␦218-FLAG could be demonstrated on occasion with prolonged exposure of C-terminal IRK1 antibody was able to recognize them.
Relying on size to distinguish full-length and truncated the blot to film (not shown). It is worth noting that there versions of IRK1, it was possible to see that IRK1-His6 0.20 (n ϭ 7); 1:50 IRK1 ϩ 1:25 C␦333-AAA ϭ 2.00 Ϯ 0.2 (n ϭ 6); 1:50 IRK1 ϭ 2.97 Ϯ 0.30 (n ϭ 7); 1:50 IRK1 ϩ and mutants N␦71-FLAG and N␦80-FLAG copurify (Figure 3C) .
1:5 C␦333-AAA ϭ 2.28 Ϯ 0.44 (n ϭ 7); and 1:50 IRK1 ϩ 1:5 C␦218-AAA ϭ 3.17 Ϯ 0.48 (n ϭ 6). As shown in Figure 4A and Table 1 , only mutants C␦385 and C␦376 gave robust currents in oocytes (graded ϩϩ; comparable to IRK1) while mutant C␦333 gave a small amount of current (graded ϩ/Ϫ; an example A Chimeric Approach to IRK1 Assembly Based on the deletion analysis described above, the of an oocyte with especially good expression is shown in Figure 4A ). All other C-terminal deletion mutants and N-terminus does not appear necessary for assembly, and C␦333 forms a boundary for C-terminal deletion at the N-terminal deletion mutants gave no measurable current (graded as Ϫ). When GYG in H5 was replaced which biochemical association, expression, and knockout are decreased. To further narrow down the region with AAA, C␦385-AAA and C␦376-AAA gave no measurable current. Coinjecting wild-type IRK1 with mutants responsible for molecular recognition, a chimeric approach has been adopted. The idea is to replace regions C␦385-AAA, C␦376-AAA, N␦71-AAA, and N␦80-AAA led to a prominent dominant negative effect (graded ϩϩ, in IRK1 with those of a channel that IRK1 does not normally coassemble with, and then examine biochemi- Figure 4B ). Coinjection of the shorter C-terminal deletion mutants C␦333-AAA, C␦218-AAA, and C␦131 with IRK1 cally whether this chimera can copurify with IRK1-His6. Recently, an inwardly rectifying K ϩ channel subfamily did not lead to a prominent reduction in current compared to that of the control. For example, in three differ-(K ir 6.0) with only 50% homology to the IRK (K ir 2.0) subfamily was described that is likely to be one of the ent batches, the following results were obtained with C␦333-AAA and C␦218-AAA coinjection (all currents in molecular components of the ATP-sensitive K ϩ current in pancreatic ␤ cells, cardiac myocytes, and many other A): 1:50 IRK1 ϭ 1.76 Ϯ 0.47 (n ϭ 8); 1:50 IRK1 ϩ 1:25 C␦218-AAA ϭ 0.96 Ϯ .07 (n ϭ 8); 1:50 IRK1 ϭ 2.39 Ϯ tissues (Inagaki et al., 1995a; . One member of regions and the proximal C-terminus of IRK1 were included. NUK-IRK1-C2UK-AAA (i.e., including replacement of GYG with AAA) was coinjected with IRK1. Figure  5E shows a significant reduction in current that does not occur when NUK-IRK1-C2UK-AAA is coinjected with a member of the K v family (K v 1.2). This result was repeated in another batch of oocytes (not shown).
Regions Responsible for Incompatibility Between IRK1 and IRK2/IRK3/ROMK1
Having found that the H5/M2 regions and the proximal C-terminus of IRK1 were sufficient for homomeric subunit interactions, we next searched for regions that might account for the incompatibility for coassembly of two different subunits, based on the assay of dominant negative knockout of currents. We found that good expression of 6.1\uK ATP in oocytes was difficult to achieve. We consequently investigated the effect of IRK1-AAA and looked for dominant negative effects of this chimera on ROMK1-channel formation ( Figure 6A ). Coinjection of IRK1-C1IRK2-AAA,IRK1-CIRK3-AAA, and IRK1-CROMK1 (see Experimental Procedures for this subfamily has been epitope tagged (6.1\uK ATP -FLAG), and a series of chimeras was constructed befurther explanation) led to a dominant negative effect on IRK2, IRK3, and ROMK1, respectively (Figures 6B-tween 6.1\uK ATP and IRK1 ( Figure 5A ). Figure 5B confirms that it is not possible to copurify 6.1\uK ATP -FLAG when 6D). By contrast, IRK1-AAA, N-terminal chimeras of IRK2 (NIRK2-IRK1-AAA) and IRK3 (NIRK3-IRK1-AAA), and a purifying IRK1-His 6 .
IRK1-C2UK-FLAG and NUK-IRK1-FLAG can interact C-terminal chimera involving the more distal part of the C-terminus (IRK1-C2IRK2-AAA) show dominant negawith IRK1-His 6 , but IRK1-C1UK-FLAG can only do so weakly (Figures 5C and 5D and see below) . NUK-IRK1-tive effects over IRK1 (not shown) but not their respective donor channel ( Figures 6B-6D ). The results were FLAG and IRK1-His6 expressed poorly together, but it was possible to measure a detectable signal ( Figure 5D ). repeated on at least one other batch of oocytes (not shown) except for the IRK2/IRK1-C2IRK2-AAA coinjecThe effect was stoichiometric, i.e., small amounts of IRK1-His6 and NUK-IRK1-FLAG were expressed and cotion, which was performed on one batch. These effects are likely to be specific because IRK1-C1IRK2-AAA, purified, in contrast to an IRK1-C1UK-FLAG\IRK1-His 6 combination when large amounts of IRK1-His 6 were puri-IRK1-CIRK3-AAA, and IRK1-CROMK1 do not cause a reduction in K v 1.2 expression ( Figure 6E ). fied, but only a comparatively small signal from IRK1-C1UK-FLAG was detectable ( Figure 5C and see below).
The data above support a role for the C-terminus in determining compatibility. Interestingly, IRK1-C1IRK2-A double chimera, NUK-IRK1-C2UK-FLAG, was also made, but it proved impossible to get good expression AAA ( Figure 7A ) and IRK1-CIRK3-AAA (not shown) also have dominant negative effects over IRK1; the chimera of both IRK1-His 6 and NUK-IRK1-C2UK-FLAG when cotransfecting. This effect was sufficently pronounced that IRK1-C1IRK2-AAA appears able to interact equally well with IRK1 and IRK2. One possible explanation is that it was impossible to perform the relevant experiment. These phenomena may be due to degradation of IRK1-the H5/M2 segments and the part of the C-terminus of IRK1 remaining in IRK1-C1IRK2-AAA allow this chimera His6/NUK-IRK1-C2UK-FLAG and IRK1-His6/NUK-IRK1-FLAG heteromultimers, similar to the observation with to interact with IRK1, despite the presence of the IRK2 C-terminus, which confers compatibility between this two other members of the inwardly rectifying potassiumchannel family . The experiments chimera and IRK2. This possibility was further investigated by construction of the chimeras in Figure 7B comwere repeated on three other occasions with similar results. These results further localize a region in the bined with AAA replacement of GYG in H5. Coinjection of IRK1-M2CIRK2-CIRK1-AAA or IRK1-M2IRK2-CIRK1-proximal C-terminus approximately between amino acids 220-300 as important in assembly.
AAA with IRK2 and IRK1-M2CROMK1-CIRK1-AAA with ROMK1 led to a reduction in current compared to that To confirm the functional importance of this region, a chimera was constructed in which only the H5/M2
in the control ( Figure 7C ), whereas these chimeras did (D) IRK1-His 6 forms complexes with NUK-IRK1-FLAG. HEK293 cells were transfected with pcDNA3 (800 ng cDNA) (L1), NUK-IRK1-FLAG (800 ng cDNA) (L2), and IRK1-His 6 (800 ng cDNA) ϩ NUK-IRK1-FLAG (800 ng cDNA) (L3). Due to the absence of IRK1-His6 in L1-L3, the ratio of DNA concentration was thus varied. NUK-IRK1-FLAG (200 ng cDNA) is shown in (L4); IRK1-His 6 (1200 ng cDNA) ϩ NUK-IRK1-FLAG (200 ng cDNA) is in (L5). It was difficult to see convincing measurable NUK-IRK1-FLAG in SDS cell lysates. However, it was possible to see copurification, though the expression level of both constructs was low. When probed with IRK1C1 antibody, the complex runs as a doublet due to the slight difference in mobility of NUK-IRK1-FLAG and IRK1-His 6. Blots were exposed to film for 3 min (L4 and L5).
(E) Dominant negative effects of NUK-IRK1-C2UK-AAA over IRK1 but not Kv1.2 currents. N ϭ 9 for IRK1 Ϯ NUK-IRK1-C2UK-AAA, and n ϭ 4 for uninjected oocytes.
not show dominant negative effects over the control interaction is bestowed by the inclusion of this region in the IRK1-C2UK-FLAG chimera. The electrophysiological channel K v 1.2 ( Figure 7D ) nor give rise to functional channels by themselves (not shown). It should be noted assays in Figure 7F further indicate that the relative contributions of the proximal C-terminus and the M2C that more than 90% suppression of ROMK1 current by IRK1-M2CROMK1-CIRK1-AAA occurs only at very high region depend on the context. Thus, the dominant negative effects over IRK1 and IRK2, as indicated by the cRNA concentrations, and at these concentrations, reduction in K v 1.2 expression is 25% ( Figures 7C and 7D , normalized current (I\Ic) reduction, are similar over a range of IRK1-M2CIRK2-CIRK1-AAA cRNA concentraright row).
The data presented support the role of M2 and the tion ( Figure 7F , left row). The absolute current levels are similar (see legend); the single-channel conductance is proximal C-terminus in determining compatibility for coassembly. Is it possible to say what the relative contriapproximately 20 pS and 35 pS for IRK1 and IRK2, respectively, under similar ionic conditions, and both butions of the two regions are? As shown in Figure 7E (there was more prolonged exposure of this blot than channels have high single-channel open probability . Taken together, with the obserthat in Figure 5C ), whereas some coassembly with IRK1-His6 is detected for the IRK1-C1UK-FLAG chimera withvation that the IRK1-C1IRK2-AAA chimera can exert dominant negative effects on either IRK1 or IRK2 curout the proximal C-terminus of IRK1, much stronger rents (see above), these results indicate that the incomdomains control self-to-self assembly, i.e., homomultimerization, and which domains influence discrimipatibility between IRK1 and IRK2 is contributed to equally by differences in the M2C region and proximal nation and association, i.e., heteromultimerization? The results of the deletion approach that addresses the issue C-terminus (amino acids 220-300) and can be overcome by swapping either of these two regions.
of homomultimerization and the chimeric approach that addresses the issue of heteromultimerization are sumIn contrast to the incompatibility between IRK1 and IRK2, the incompatibility between IRK1 and ROMK1 apmarized in Table 1 . The deletion analysis indicates that it is possible to pears to be only partially overcome by swapping the M2C region. At lower IRK1-M2CROMK1-CIRK1-AAA remove the N-terminus but only a fraction of the C-terminus before biochemical and functional evidence of cRNA concentrations, this chimera shows stronger dominant negative effects over IRK1 than ROMK1 (Fig- assembly is lost. C␦333 represents a boundary for C-terminal deletion at which biochemical association, ure 7F, right row). The absolute current values are given in the legend, and ROMK1 has a single-channel conexpression of current, and knockout are decreased or lost. The chimeric analysis shows that in biochemical ductance of approximately 30 pS and high single-channel open probability (Lu and MacKinnon, 1994a) . Thus, and functional terms, it is possible to replace the N-terminus and M1 and the distal parts of the C-terminus the compatible C-terminus between IRK1 and IRK1-M2CROMK1-CIRK1-AAA seems to induce a stronger of IRK1 with the relevant portions of other channels, and the chimeras still assemble with IRK1. Thus, the interaction than that of the compatible M2C region between ROMK1 and this chimera.
N-terminus and the more distal parts of the C-terminus appear to be not essential for assembly or compatibility.
Transfer of the proximal C-terminus (amino acids 220-Discussion 300) or the M2 segment from IRK2 to IRK1 results in a channel subunit that can interact with IRK2. The data A Region in the Proximal C-Terminus and the Transmembrane Segment M2 Determine in Figure 7 further suggest a difference in the relative importance of these two regions, depending on the conAssembly and Compatibility The major objective of this study was to attempt to text. The interaction between IRK1 and IRK2 of the same subfamily seems to be influenced equally by compatibildefine the regions of the channel protein responsible for assembly. Two related questions are pertinent. Which ity over the M2C region (amino acids 156-220, with 11 differences) and the proximal C-terminus (amino acids the proximal C-terminus is necessary for any strong 220-300, with 18 differences). However, between chaneffect of the transmembrane segments to be seen. nels that belong to different subfamilies and are less One study implicated the transmembrane domains in homologous, i.e., IRK1 and 6.1 (29 and 40 differences determining a dominant negative effect between BIR9/ in M2C and the proximal C-terminus, respectively) and 4.1 and CIR/3.4 . However, the au-IRK1 and ROMK1 (26 and 45 differences in M2C and thors did not reach any conclusions related to assembly. the proximal C-terminus, respectively), compatibility beAnother study reached the conclusion that the N-termitween the proximal C-terminal regions is the major connus was of primary importance (Fink et al., 1996) , but tributing factor to whether channels will heteromultimerour studies do not implicate this region in a major fashize (Figures 5-7) . Furthermore, specificity may not be ion. We cannot wholly account for this difference. totally absolute between IRK1 and IRK2 (Figure 1) .
One other point worth noting is that the exact C-terAssembly of Other Channel-Subunit Complexes minal boundary for the assembly/compatibility region is A comparison of our results for the K ir family and the slightly different for the deletion (amino acid 333) and known behavior of the K v family is instructive. A region in chimeric analysis (amino acid 300). It could be that this the N-terminus of the K v family is involved in determining region of the C-terminus is necessary in some way for compatibility and plays a role in homomultimerization homomultimerization but not heteromultimerization. 
The table contains a summary of the major experimental findings. Three grades of effect are distinguished: ϩϩ ϭ prominent signal/effect; ϩ/Ϫ ϭ signal/effect present but just detectable and/or variable; and Ϫ ϭ signal not detectable. Copurification indicates whether copurification occurs with IRK1-His 6 when the indicated construct is FLAG-tagged. The knockout with AAA mutant indicates whether a dominant negative effect occurs with coinjection of the indicated construct, with replacement of GYG in H5 with AAA and IRK1 (unless otherwise indicated). NT ϭ not tested.
1995). The first transmembrane segment (S1) also seems BIR10 (Kir 4.0 subfamily) and BIR9 (Kir 5.0 subfamily) . A study examining the interaction to be of major importance in increasing the affinity of assembly (Shen et al., 1993; Babila et al., 1994) . By of proteins from two different subfamilies, BIR10 (Kir 4.0 subfamily) and ROMK1 (Kir 1.0 subfamily) concluded contrast, in the Kir family, a region of the C-terminus is a major determinant of assembly and compatibility with that while heteroligomers occurred, they made up a maximum of 30% of the total channel population (Gloa variable contribution of the M2 segment. In other words, M2 and the proximal C-terminus for the Kir family watzki et al., 1995). Taken together, these observations point to heteromultimerization being case specific, varyact like S1 and the N-terminus in the K v family. Our data also indicate that the early translation of an assembly ing in degree depending on the particular combination studied, and not being determined rigidly by assignment domain is not necessary for ion-channel formation.
The rules governing compatibility in the K v family are to a subfamily based on homology or function. Can a model be formulated about how the K ir channels clear; members are able to coassemble within a subfamily but not with members from another subfamily (Covarform? The simplest hypothesis is that the M2 and proximal C-terminus contact the adjacent M2 and proximal rubias et al., 1991) . It is clear that heteromultimerization in the G protein-gated (3.0) K ir subfamily has an impor-C-terminus in the tetramer. The H5 and M2 segments have been implicated in potassium-selective ion permetant physiological role; heteromultimers of GIRK1/3.1 and CIR/3.4 are found in the heart (Krapivinsky et al., ation (Ficker et al., 1994; Lopatin et al., 1994; Lu and MacKinnon, 1994b; Stanfield et al., 1994; Yang et al., 1995) , and heteromultimers of GIRK1/3.1 and GIRK2/ 3.2 are present in several brain regions (Liao et al., ). 1995a Reuveny et al., 1996; Slesinger et al., 1996) . The proximal C-terminus also contains a residue E224 that Indeed, it has been suggested that GIRK1 is unable to form a functional homomultimer (Hedin et al., 1996) . One seems to play an integral role in pore function and in particular inward rectification (Taglialatela et al., 1995 ; interesting result in our study is the biochemical and functional evidence for only relatively weak association Yang et al., 1995a) . Thus, a speculative structural model of the inwardly rectifying potassium channels has this between IRK1 and the homologous IRK2. There is also evidence for association between members of different region of the C-terminus and the H5/M2 regions making up the inner vestibule and the pore in which monomersubfamilies, namely CIR/3.4 and 4.1, though the heteromultimers are degraded , and evito-monomer contact stabilizes the tetramer and determines specificity of association. dence for functional heteromultimerization between minigel system (Bio-Rad) to estimate protein expression using WestPossible Implications ern blotting. The remaining cell sample was homogenized and soluDoes the narrowing down of the region have any prebilized in 1% Triton in TBS with 100 M phenylmethylsulfonyl fluodictive ability for events occurring in the cell? In the Kir ride, 2 g/ml aprotinin, 2 g/ml antipain, and 10 g/ml benzamidine 1.0 subfamily, a splice variant ROMK2, in which the first on ice for 1 hr. Unsolubilized material was removed by centrifuga-19 amino acids of ROMK1 are absent, appears to be tion, and 50 l of 50% slurry of Probond resin (Invitrogen) was added. The Probond binding resin is Ni 2ϩ -charged iminodiacetic more ATP-sensitive than ROMK1 (McNicholas et al., acid coupled to Sepharose beads (referred to as resin or binding 1996). Furthermore, both isoforms are expressed in resin in the text). The sample was exposed to the resin for at least some nephron segments (Boim et al., 1995) . It seems 2 hr at 4ЊC and washed with six 1 ml washes containing 25 mM likely that ROMK1 and ROMK2 will readily heteromultim- involved in this recognition process.
Electrophysiology Methods Experimental Procedures
Xenopus laevis oocytes were surgically removed from the frogs under anesthesia, washed in Ca-free ND96 (96 mM NaCl, 2 mM KCl, Molecular Biology 2 mM MgCl2, 5 mM HEPES [pH 7.6], and 1% penicillin/streptomycin), Mutants, chimeras, and fusion proteins were made using standard treated with collagenase (2 mg/ml) to remove follicular cells, and molecular techniques, including site-directed mutagenesis, the washed with ND96 (as for Ca-free except now including 1 mM CaCl2). polymerase chain reaction, and oligonucleotide insertion or combiOocytes were injected with 46 nl of RNA. A reference RNA concennations thereof, and verified by DNA sequencing of the constructs tration of approximately 1 g/l for 1.7 kB size of IRK1 RNA was (Sequenase kit v2.0, United States Biochemical). All constructs were used, and dilutions are relative to this. Macroscopic currents were expressed in pcDNA3 (Invitrogen) for expression in mammalian cells recorded 1-3 days after injection using a two-electrode voltage or pBluescript (Stratagene) for in vitro synthesis of methyl-capped clamp (Axoclamp 2A or Dagan CA-1) in 90 mM KCl, 2 mM MgCl 2 , RNA (using a Stratagene kit) for oocyte work. The exceptions were and 10 mM HEPES (pH 7.5) with KOH. Membrane potential was held IRK1-M2CIRK2-CIRK1-AAA, IRK1-M2IRK2-CIRK1-AAA, and IRK1-at 0 mV, and an approximately 300 ms pulse was applied to holding M2CROMK1-CIRK1-AAA. These were constructed in a variant of potentials between 50 mV and Ϫ100 mV, decreased in 10 mV steps. IRK1 in pGEMHE (IRK1F constructed by Dr. A. Collins), NUK-IRK1-For the strongly rectifying channels (IRK1, IRK2, and IRK3), a P/10 C2UK-AAA, and IRK1-CROMK1, which were subcloned into protocol from a membrane potential of 20 mV was used, and for pGEMHE (Liman et al., 1992) , ROMK1, which was used in the pSport Kv1.2, a P/Ϫ4 from Ϫ100 mV subpulse holding potential was used. vector, and IRK3, which was used in a pFROGY variant (Collins et ROMK1 is a weakly rectifying channel, and an estimate of K ϩ selecal., 1996) . A version of IRK2 cloned from mouse brain was used tive current was obtained by subtracting the current in 5 mM KCl/ . Chimeras between IRK1 and IRK3 were 85 mM N-methyl-D-Glucamine and 10 mM HEPES (pH 7.5). Currents constructed using a nearly identical channel .
were measured 100 ms into the voltage pulse at Ϫ100 mV for inThere were no differences in the qualitative behavior of the two wardly rectifying potassium channels and at 50 mV for Kv1.2. The clones. RNA concentrations were estimated from a formaldehydecontribution of endogenous currents was estimated by measuring agarose gel, and in coinjection experiments, the ratio is molar, taking currents in uninjected oocytes from the same batch. into account the size of the relevant RNA species.
Whole-cell patch-clamp recordings of HEK293 cells were perThe mutants and chimeras ( Figures 3A, 5A , 6A, and 7B) were often formed using the Axopatch 200A amplifier (Axon Instruments) with combined with a replacement of GYG in H5 with AAA or by epitopeglass pipettes pulled from borosilicate glass with resistances of tagging the N-terminus with the FLAG sequence. The latter seapproximately 1 megohm and coated with a parafilm/mineral-oil quence begins with Met-Val-FLAG (8 amino acids Asp-Tyr-Lys-Aspsuspension after filling. Series resistance was 95% compensated. Asp-Asp-Asp-Lys)-amino acid 2 of construct and is indicated by
The pipette solution contained 20 mM K2SO4, 90 mM KCl, 1 mM FLAG after the abbreviation of the construct. One other construct EDTA, 20 mM HEPES (KOH to pH 7.2 ‫ف‬ 140 mM K ϩ ), and the bath was made that included Met-Val-His-His-His-His-His-His-amino solution of 140 mM KCl, 2.6 mM CaCl2, 1.2 mM MgCl2, and 5 mM acid 2 of IRK1 (IRK1-His6).
HEPES (pH 7.4). The membrane potential was held at 0 mV, and an approximately 30 ms pulse was applied to holding potentials between 100 mV and Ϫ100 mV, decreased in 10 mV steps. Cell Culture and Biochemistry HEK293 cells were cultured in MEM Eagles/10% Fetal Calf Serum/ Data were acquired and analyzed using the Axon TL-1 A/D interface and pClamp 5.5 and filtered at 1 kHz and digitized at 5 kHz. 1% Penicillin/Streptomycin (from a stock of 10,000 U/ml Penicillin and 10 mg/ml Streptomycin) at 37ЊC in 5% CO 2. Cells at 40%-50% Two precautions were taken to establish the specificity of any dominant negative effect. The cRNA causing knockout was coinconfluence in 35 mm plates were transfected using Lipofectamine (GIBCO-BRL) with 800 ng DNA of each species for single transfecjected with Kv1.2. Second, cRNA of IRK1/IRK2/IRK3/ROMK1 was injected at concentrations below saturation so that injection of twice tion or cotransfection. They were harvested 48 hr later, when confluent, from a 35 mm well ‫1ف(‬ mg protein) into ice-cold TBS (50 mM the quantity of cRNA shown led to a > 50% increase in current. The chimeras NIRK2-IRK1, IRK1-C1IRK2, IRK1-C2IRK2, NIRK3-IRK1, Tris-HCl, 150 mM NaCl [pH 7.4]) and dispersed by trituration. A ninth of this sample was lysed with an equal volume of 2% SDS in and IRK1-CIRK3 express currents in oocytes. Replacement of the GYG residues in the H5 segment of these chimeras with AAA elimi-2ϫ upper gel buffer, sonicated and diluted with loading buffer, and denatured (at 90ЊC for 4 min) prior to being run on a 12% denaturing nated functional expression (not shown). IRK1-CROMK1 did not express currents in oocytes and showed dominant negative effects polyacrylamide gel (approximately 1/50 of the sample) using the
